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THEORETICAL PROBLEMS OF CONSTRUCTING ARTIFICIAL 

ECOLOGICAL SYSTEMS 

A. B. Rubin, A. S. Fokht 
(M. V. Lomonosov, Moscow S t a t e  Univers i ty)  

ABSTRACT 357N 
The c r e a t i o n  of c losed eco log ica l  systems f o r  

support ing l i f e  dur ing  prolonged space f l i g h t s  i s  

discussed.  The main approaches toward s tudying 

energy e f f i c i e n c y  and ope ra t iona l  s t a b i l i t y  of 

such a system are examined. 

The selection of animal and vegetab le  organisms which can exist  /1* 

w i t h i n  a wide range of e x t e r n a l  condi t ions  i s  of paramount importance 

f o r  c r e a t i n g  closed e c o l o g i c a l  systems f o r  suppor t ing  l i f e  dur ing  pro- 

longed s p a c e f l i g h t s  and f o r  e s t a b l i s h i n g  man on t h e  moon and p l a n e t s  

i n  t h e  s o l a r  system. 

Although a t e c h n i c a l  s o l u t i o n  of t h e  problem of man remaining out- 

s i d e  of t h e  e a r t h  f o r  a prolonged per iod  of t i m e  s t i l l  e n t a i l s  many 

d i f f i c u l t i e s ,  i t  i s  neve r the l e s s  necessary a t  t h e  p re sen t  t i m e  t o  develop 

g e n e r a l  t h e o r e t i c a l  approaches toward cons t ruc t ing  an  a r t i f i c i a l  cyc le  

of matter and energy w h i c n  can be iiiaiiitakied f z r  a l cng  p e r i o d  of t i m e .  

Under n a t u r a l  cond i t ions ,  i n  n a t u r e  s t a b l e  biocenoses  are charac- 

t e r i z e d ,  as a r u l e ,  by t h e  complex i n t e r a c t i o n  of d i f f e r e n t  types  or 

* Note: Numbers i n  t h e  margin i n d i c a t e  pagina t ion  i n  t h e  o r i g i n a l  fo re ign  
t e x t .  



population groups. Thus, not only populations belonging to different 

trophic levels interact with each other, but also populations located 

within one or another trophic level. Observations have shown that 

the complexity of ecological systems is accompanied in nature by an 

increase in resistance, due to an increase in the total volume of 

the system and to the possibility of forming different connections 

within the system when its environmental conditions are changed. 

It is apparent that the artificial closed ecological complexes, occu- 

pying limited space on the spacecrafts, will, to a considerable extent, 

not have these advantages which provide for the reliable operation 

of the system as a whole. In this connection, in the creation of a 

closed ecological complex, the study of the forms of interaction 

between components in the system, and the direction and stability of 

the energy- and mass-exchange between elements of the ecological chain 

under normal and unfavorable conditions is of tremendous importance. 

These factors can in many ways determine the reliability of the exchange 

processes within the system as a whole, even when relatively unchanged 

properties of the individual elements in the ecological chain are re- 

tained. 

/2 

Let us examine the main possible approaches to studying the problem 

of the energy efficiency and the operational stability of a complex 

system from the thermodynamic and kinetic point of view. 

An artificial ecological complex can be regarded, on the whole, 

as a closed system, which consists of individual interconnected elements 

due to solar energy arriving from without. The entire energy- and 
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mass-exchange within such a closed system can be represented as a con- 

secutive and, generally speaking, branched chain for the transfer of 

matter and energy between the elements. 

consecutive n elements (XI, x2 ... xn), each of which can represent 

an individual component (including a component having a non-biological 

origin) in the ecological chain. 

Let our system consist of 

We shall employ the concepts of concentration or content below 

of certain elements or chemical compounds in the chain components, 

and the amount of free energy included in certain substances which 

are transmitted between the chain elements, with the corresponding 

transfer constants (or reaction constants) between the individual 

elements. These concepts (concentration, reaction constants) have in 

the given case a purely phenomenological meaning - i.e., they corres- 
pond to the content of a substance in the Kth component of the chain 

and describe the temporal nature of changes during the energy- and 

mass-exchange, but they in no way indicate the specific mechanisms 

taking place during these processes. 

According to the thermodynamic representation of irreversible 

processes, the entropy production rate (energy dissipation) in an open 

system can be connected with the rates and energy decreases of the 

corresponding processes. 

of a closed ecological system can be expressed in the following form: 

The general condition for the energy-exchange 

where des is the entropy change of the external medium primarily due 
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t o  the i n f l u x  of f r e e  s o l a r  energy; diS i s  the  entropy inc rease  of 

t he  e n t i r e  ecosystem due t o  t h e  i r r e v e r s i b l e  processes  occurr ing  

wi th in  it; dS i s  the  t o t a l  entropy change (system + e x t e r n a l  

medium). 

I n  the  s t a t i o n a r y  s ta te  dS = 0 ,  and s i n c e  diS > 0, then des < 0. 

The term deS < 0 i n  equat ion (1) i s  connected wi th  the  inc rease  of 

nega t ive  entropy due t o  the  photosynthesis  process  i n  an element of 

t h e  au to t roph ic  photosynthesizing organisms, and t h e  t e r m  d iS  > 0 i s  

connected wi th  an entropy inc rease  in t h e  energy-exchange processes  /3 

throughout a l l  t he  elements of t h e  eco log ica l  chain.  

I n  t h e  conjugat ion of  energy d i s s i p a t i o n  and accumulation 

processes ,  i t  i s  necessary  t h a t  

wh i l e  

I des d i S  dS 

-+7- lit fit . ’  -- 

c 1 1  (3 )  

where AK r ep resen t s  genera l ized  forces  which are p ropor t iona l  t o  

the  d i f f e r e n c e  i n  t h e  energy levels; j K  - streams ( r a t e s )  of  t h e  

corresponding energy- and mass-exchange process  between ad jacent  

q, elements of t h e  chain X I ,  x2, .. 5. The d i f f e r e n c e  of 

p a r t i a l  gas pressures  f o r  d i f f e r e n t  components, the  d i f f e r e n c e  of 

chemical p o t e n t i a i s ,  ecc .  caii be  o f  s i g z i f i c a r e  2s a -  func t ion  of 

the  s p e c i f i c  condi t ions  of AK. 

t he  rate a t  which nega t ive  entropy i s  produced i n  the  photosynthe- 

s i z i n g  element under t h e  inf luence  of l i g h t  must equal  t he  ra te  a t  

which f r e e  energy i s  exchanged i n  t h e  eco log ica l  system. Otherwise 

dS In the  s t a t i o n a r y  s t a t e ,  when - = 0 ,  d t  
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the  s t a t i o n a r y  s t a t e  w i l l  no t  be achieved, and p o s i t i v e  entropy 

can accumulate in the  system which leads i n  t h e  f i n a l  a n a l y s i s  t o  

degradat ion of t he  e n t i r e  sys  t e m .  

n d - S  

d t  ~ = 1  
1= 1 

L e t  us examine t h e  term AKjK = P ,  s e p a r a t e l y ,  which 

determines the  rate a t  which energy i s  d i s s i p a t e d  i n  t h e  system: 

x,  --> x., --> . . . x, --f . . . x, . 

It can be shown t h a t  f o r  small energy drops between i n d i v i d u a l  

e lements ,  when - AK << 1, i n  the  s t a t i o n a r y  s t a t e  f o r  
RT 

the  q u a n t i t y  P assumes t h e  sma l l e s t  p o s i t i v e  va lue  which does not  

n e c e s s a r i l y ,  however, equal  zero: 

By determining the  experimental  q u a n t i t i t a e s  AK, jK, one can calcu- 

l a t e  the  func t ion  P corresponding t o  a s t a t i o n a r y  state be ing  

e s t a b l i s h e d  i n  the  system. Methods such as t h i s  make i t  poss ib l e  

t o  s tudy  systems which a r e  c l o s e  to  a thermodynamic equ i l ib r ium 

*K state  f o r  - << 1, where the  funct ion P c h a r a c t e r i z e s  t h e  s t a t i o n a r y  

state.  However, i t  i s  apparent  t ha t  p rocesses  by which matter and /4 
RT 

energy are t r a n s f e r r e d  i n  t h e  ecosystems must take  p l ace  f a r  from 

a s ta te  of thermodynamic equi l ibr ium, i n  view of t he  n e c e s s i t y  of 

ensu r ing  a s i g n i f i c a n t  exchange r a t e ,  and i n  view of t h e  f a c t  t h a t  

components are inc luded  i n  the  system which have s i g n i f i c a n t l y  

d i f f e r e n t  energy levels. 

I n  such s i t u a t i o n s ,  t h e  following r e l a t i o n s h i p  can be employed: 
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while  i n  a s t a t i o n a r y  s t a t e  

I n  p a r t i c u l a r ,  f o r  a system of consecut ive r e v e r s i b l e  r eac t ions  

--r -+ --f x, X? + . . . x, + . . . x ,  

the  fol lowing func t ion  i s  appl icable  

n n 

where rK -, which depends only on the  cons t an t  of t h e  r e a c t i o n  

rate -assumes a minimum value  fo r .  

j , - j 2 -  . . . jK= . . . j n  =istat. 

i n  t h e  s t a t i o n a r y  s ta te  which i s  d i s t i n c t  from t h e  thermodynamic 

equ i l ib r ium s ta te .  

Thus, f o r  a consecut ive chain of energy- and mass-exchange, 

i n  many cases i t  i s  poss ib l e  t o  f ind  t h e  func t ions  determining t h e  

rate a t  which entropy i s  produced, o r  t he  energy d i s s i p a t i o n  

func t ions  p e r  u n i t  of t i m e .  

An experimental  determinat ion of t he  corresponding q u a n t i t i e s  

i n  t h e  equat ions ( 4 ,  5 ,  7) makes it p o s s i b l e  t o  c a l c u l a t e  t hese  

func t ions  and t o  determine the  region of t h e  s t a t i o n a r y  s t a t e ,  i t s  

- L - L -  * + - -  - -A  -n--nn..nntl-r  thP r l o n r ~ . ~  ~f +Ifahflit- of t h e  system. --.- --e--- a L d u i l i  Ly , auu ~ . v r ~ u ~ y i U C . A C ~ J  

This type of approach can he lp ,  f o r  example, i n  determining the  

most advantageous conjugat ion condi t ions ,  from t h e  energy po in t  of 

view, of t he  au to t roph ic  and h e t e r o t r o p h i c  elements of t h e  e c o l o g i c a l  
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system. It i s  apparent  t h a t  the r a t e  a t  which au to t roph ic  organisms 

are photosynthesized must correspond t o  t h e  rate a t  which oxygen and 

photosynthesis  products  a r e  absorbed by t h e  h e t e r o t r o p h i c  organisms. 

A determinat ion of t he  rate a t  which f r e e  energy i s  produced and 

absorbed i n  these  two processes  i s ,  i n  i t s  t u r n ,  r e l a t e d  t o  a s tudy  

of t he  energy drops and rates during energy and matter exchangein 

a chain of in te rmedia te  compounds which p a r t i c i p a t e  p r imar i ly  i n  

the  photosynthesis  of r e s p i r a t i o n .  

When s tudying  e c o l o g i c a l  t r a n s f e r  cha ins ,  w e  can encounter 

d i f f i c u l t i e s  of another  type ,  however: t h e  mathematical  non- l inea r i ty  

of d i f f e r e n t i a l  equat ions  of energy- and mass-exchange. L e t  us 

examine a system of d i f f e r e n t i a l  equat ions f o r  exchange i n  the  chain:  

- 15 

KK- I KK KK+I 
X l + x ? + .  e .  XK--I-+XK-*XK+~-* . . . x n  

f o r  any XK component: 

tLu, - - - i c K - 1  x s - 1  xK - K ,  xK .r~+l f i t  

K = 1, 2 ,  ... n. 

It can be seen  t h a t  t h e  terms determining t h e  inf low 

(KK-~ X K - ~  xK) and t h e  outflow (-KK XK xK+1) f o r  t h e  component XK 

depend both on t h e  concent ra t ion  of XK and on t h e  concent ra t ion  of 

o t h e r  elements i n  the  chain: t he  donor ( x K - ~ )  and t h e  acceptor  (xK+1). 

This  i s  n a t u r a i ,  due t o  tne necess i ty  01 close conjugation ~f t h e  

e c o l o g i c a l  chain components during t h e  processes  of energy- and mass- 

exchange. 

on the  product  of the  component concent ra t ion  des igna tes  t h e  

The dependence of  terms i n  the  r i g h t  p a r t  of equat ion (8) 
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non- l inea r i ty  of t r a n s p o r t  d i f f e r e n t i a l  equat ions ,  whi le  t h i s  depen- 

dence i s  n o t  d e f i n i t e l y  caused by the d i r e c t  b ina ry  mechanism of 

exchange processes .  

The unusual behavior  of t he  system i n  t i m e  arises due t o  t h e  

non-l inear  na tu re  of equat ion  (8). 

Thus, fol lowing t h e  well-known example of  Vo l t e r r a  regard ing  

the  i n t e r a c t i o n  of two types of herb ivores  (A) and carn ivores  ( B ) ,  

t he se  equat ions have t h e  fol lowing form: 

I '  til3 
lit 
-- - A B  - E2B 

Such a system can desc r ibe  c losed  t r a j e c t o r i e s  i n  t h e  phase p lane ,  

which determines i t s  s t a t i o n a r y  s t a t e .  

i n  t h e  s t a t i o n a r y  s ta te  - # 

t he  condi t ions  of a s t a b l e  s t a t i o n a r y  s ta te  f o r  l i n e a r  ( i n  the  

mathematical  sense)  t r a n s f e r  processes .  

It can be  seen t h a t  he re  

dA dB 0, dt # 0 ,  which does n o t  agree wi th  d t  

I n  c r e a t i n g  a r t i f i c i a l  eco log ica l  systems, w e  may encounter  t h e  

n e c e s s i t y  of cons t ruc t ing  n o t  only two-component systems ( c h l o r e l l a -  

human), bu t  a l s o  systems cons i s t ing  of t h r e e  o r  more components 

having  d ive r se  q u a l i t i e s .  I n  t h i s  connect ion,  pre l iminary  mathe- 

matical  modeling of t h e  energy-exchange processes  i s  of g r e a t  im-  

por tance  i n  s tudying  t h e  i n t e r n a l  dynamic p r o p e r t i e s  of such complex 

sys  t e m s  . 
It i s  a l s o  of p a r t i c u l a r  i n t e r e s t  t o  s tudy  t h e  r o l e  of d i f f e r e n t  

feedbacks i n  s t a b i l i z i n g  t h e  processes of i n t e r n a l  energy-exchange. 
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A mathematical  s tudy shows t h a t  multi-component complex systems /6 
having feedbacks which are descr ibed by non-l inear  d i f f e r e n t i a l  

equat ions  are cha rac t e r i zed  by a very wide range of values  inc luded  

i n  t h e  equat ion  of parameters f o r  which t h e  systems remain s t a b l e .  

A study of t h e  energy- and mass-exchange processes  i n  the  

molecular  and sub-molecular l e v e l s  i n  i n d i v i d u a l  organisms i s  of  

g r e a t  importance wi th  r e spec t  t o  t h e  problem of au tomat ica l ly  con- 

t r o l l i n g  the  s t a t e  of i nd iv idua l  components i n  the  system. The 

n e c e s s i t y  of t h i s  type of s tudy i s  due t o  the  p o s s i b i l i t y  of d i r e c t -  

l y  employing the  in te rmedia te  products of  photosynthesis  and res- 

p i r a t i o n ,  and a l s o t o  the  necess i ty  of u t i l i z i n g  d i f f e r e n t  types of 

energy i n  cosmic space,  bes ides  l i g h t  energy i n  the  v i s i b l e  region 

of t h e  spectrum. 

As i s  known, i n  t h e  photosynthesis  process  the  absorp t ion  of a 

l i g h t  quantum by pigments t r a n s f e r s  an e l e c t r o n  t o  the  complex 

cha in  of consecut ive oxidizing-reducing e l e c t r o n  t ransmiss ion  events .  

An a n a l y s i s  of t h i s  process  makes i t  poss ib l e  t o  compare t h e  t r a n s p o r t  

chain ( t h e  cyto- equat ion  f o r  two adjacent  terms i n  t h i s  consecut ive 

chrom XK, ch lorophyl l  xK+1): 

rf x 2 
lit 

I C , - ~  ( a  -- x,)* -- K, x, xK+t 

__ '-''+' __ - ICsil ( a  - XK+I) - K, X ,  X K + ~  
d.t 

The s o l u t i o n  of t h i s  equat ion  y i e l d s  a s t a b l e  p o i n t  A on t h e  plane 

(XK, x K + l ) .  

change XK, XK+1, which 

This  means t h a t  the e n t i r e  curve f o r  t he  concent ra t ion  

passes  i n  t h e  v i c i n i t y  of a p a r t i c u l a r  
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s t a b l e  po in t ,  s t r ives  assymptot ical ly  toward i t .  Thus, t h e  concen- 

t r a t i o n s  XK and X K + ~  s t r ive  toward cons tan t  q u a n t i t i e s ,  which 

des igna tes  t h a t  a s t a t i o n a r y  s t a t e  h a s  been e s t a b l i s h e d  i n  t h e  system. 

It i s  poss ib l e  t o  determine t h e  time r equ i r ed  f o r  t he  system t o  

achieve a s t a t i o n a r y  s ta te ,  which coincides  wi th  the  experimental  

da ta .  This type of s tudy i s  of importance f o r  au tomat ica l ly  

c o n t r o l l i n g  t h e  s ta te  of t he  photosynthesizing element under d i f f e r e n t  

condi t ions .  

The examples presented  above show t h a t  nonl inear  systems 

wi th  consecut ive energy- and mass-exchange r eac t ions  can be charac- 

t e r i z e d  i n  several cases by a very unusual change i n  the  component 

concent ra t ion  i n  time. From the  thermodynamic p o i n t  of view, t h i s  

must l ead  t o  corresponding changes i n  the  entropy product ion 

(energy d i s s i p a t i o n )  by such systems. 

For example, i n  t h e  case of i n t e r a c t i o n  between two types accor- 

d ing  t o  equat ion ( 9 ) ,  a c a l c u l a t i o n  of  t h e  func t ion  - ( 5 )  l eads  

t o  t h e  fol lowing r e s u l t :  

d t  

It can be seen t h a t  t h e  ra te  of change f o r  en t ropy  product ion p e r  

u n i t  of t i m e  cons t an t ly  changes when the  t o t a l  entropy inc rease  i s  

s t r i c t l y  p o s i t i v e .  It i s  apparent t h a t  t h e s e  f a c t s  must be taken 

i n t o  account dur ing  energy conjugation of t h i s  type of system wi th  

o t h e r  components in Lilt: eCul"jgicd C ~ B ~ Z I ,  i n  srder  te 29cllire t h e i r  

synchronous, j o i n t  opera t ion .  This material  po in t s  t o  t h e  f a c t  t h a t  

t h e  energy s ta te  of a multi-component system i s  cha rac t e r i zed  by a 
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complex and unusual i n t e r a c t i o n  between i n d i v i d u a l  components, 

i n  view of t h e  dynamic p r o p e r t i e s  inherent  i n  each of them and 

i n  t h e  e n t i r e  complex system as a whole. 

A t  t he  p re sen t  t i m e  t h e r e  are s t i l l  no genera l  methods f o r  

s tudying  the  behavior  of a complex s e t  of energy- and mass-exchange 

processes ,  t h e i r  e f f e c t i v e n e s s ,  and s t a b i l i t y .  

There i s  no doubt t h a t  f u t u r e  development of t hese  methods, 

employing the  mathematical  modeling of processes  occurr ing  i n  

complex eco log ica l  complexes, w i l l  be  of g r e a t  importance f o r  

c r e a t i n g  l i fe -suppor t  systems on spacec ra f t s .  

1. 

2. 

3. 

4 .  

5. 
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